The results obtained for the pulse cracking of cumene in the presence of zeolite-containing acidic catalysts were analyzed taking into account data complications arising because of the chemisorption of the components of the reaction mixture on the acid sites of the catalyst samples. The propene/benzene (P/B) molar ratios in the reaction mixtures, which amounted to 0.60-2.7, deviated considerably from the expected stoichiometry depending on the nature of the samples, their mode of preparation, their preliminary thermal treatment and steaming as well as on the experimental conditions employed. At the same time, the total yields of cracking products and non-converted cumene were, as a rule, 1.5-3-times less than the amounts of cumene fed into the system.
INTRODUCTION
Zeolite catalysts, especially their acidic forms which display carboniogenic activity, comprise the most important group of modern catalysts for petroleum processing and petrochemistry. Such catalysts are used for cracking, alkylation, isomerization, disproportionation, etc. which form the basis of existing and potentially promising processes in petroleum refining and petrochemistry.
It is known that the acidity, which determines the catalytic activity, depends on many factors, i.e. the Si/Al ratio of the zeolite and its cationic composition, the method of catalyst preparation employed and the nature of its matrix, the preliminary treatment conditions for the catalyst, etc.
In developing a given catalyst, the adequacy of the results arising from the physicochemical investigation of the samples and of their testing plays an important role. The most common physicochemical methods used in acidity studies are IR and ESR spectroscopy as well as temperature programmed desorption (TPD) of ammonia (Patrylak 1998 . Among the methods employed for testing, the most attractive are based on micro-activity variants (Sedran 1994; Wallenstein et al. 1998 ) employing real petroleum cuts as feed-stocks. At the same time, it should be noted that the classical model for the cumene cracking reaction remains entirely valid as far as the pulse chromatograph method is concerned (Liu and Dadyburjor 1992; Youssef et al. 1998) . Furthermore, its use allows the various advantages and peculiarities of a given catalyst to be established; these tend to be smoothed out when petroleum cuts are employed as feed-stocks.
The aim of the present work was to analyze the test results for freshly synthesized H-forms of zeolite, for previously stabilized microspherical Y zeolite-containing samples and for samples with various cationic compositions based on the pure Y zeolite including the parent NaY zeolite itself.
EXPERIMENTAL
Cracking catalysts are generally supplied in the form of very small, essentially spherical, particles with diameters predominantly within the 20-150 mm range. Such particles are called 'microspheres'.
Three samples with different zeolite contents were synthesized in situ as kaolin microspheres , the latter being obtained by the spray-drying of different kaolin suspensions.
The starting material employed was a raw, low iron, kaolin of empirical formula SiO 2 Al 2 O 3 2H 2 O, obtained from an Ukrainian deposit, the total iron oxide content of the natural clay amounting to 1.2, 0.6 and 0.35 wt%, respectively, but containing the same proportion of water of crystallization as that normally present in the clay.
To prepare a micron-size (powdered) spray-dried feed, a quantity of water sufficient to produce a slurry having a total solids content within the range of 40-60 wt% (preferably ca. 50 wt%) was employed. Sodium pyrophosphate (1 wt%) was also used as a kaolin dispersing agent. The slurry was sprayed into hot air (300-400ºC) thereby forming microspheres.
Three microsphere batches (orifice diameter, 0.05-0.1 mm) with the above iron oxide contents were obtained. Each batch was divided into two parts. One part was calcined for 2 h at 730ºC to convert the clay into metakaolin. In contrast, thermal calcination of the other part of the microsphere batch for 2 h at 1000ºC gave a mixture of aluminium silicate spinel with reactive silica. This sample was suspended in an aqueous solution of sodium hydroxide (16-20%) together with the metakaolin (spinel/metakaolin ratio = 0.7-0.9 and Na 2 O/Al 2 O 3 ratio = 0.6-0.8) and the aqueous suspension heated for 4-8 h at 20-40ºC with gentle agitation. After such ageing, additional aluminium silicate spinel and sodium hydroxide solution were added to the system to provide the proportions of Na 2 O, SiO 2 , Al 2 O 3 and H 2 O necessary for the crystallization of a faujasite zeolitic molecular sieve of the correct proportions (0.6-0.7 mol Na 2 O/mol Al 2 O 3 , requiring the weight ratio of spinel/metakaolin microspheres to be increased to 95:5). The suspension was then heated at a more elevated temperature (80-100ºC for 20-48 h) until hydrated sodium faujasite crystals formed in the microspheres as a result of the reaction between the aqueous reaction liquid and the alumina and silica in the microspheres. An appreciable amount of silica leached from the microspheres during such hydrothermal treatment to form a sodium silicate mother liquor from which the crystallized microspheres were separated. The latter were filtered through Buchner funnels, washed with distilled water and then dried.
Samples of the microspheres were examined by X-ray diffraction methods and found to contain 21, 25 and 30%, respectively, of sodium Y zeolite having an Si/Al ratio of 2.25-2.3 (a decrease in the iron oxide content of the kaolin resulted in an increase in the quantity of the zeolite phase in the microspheres).
The H-forms of the corresponding zeolite-containing, microspherical samples were prepared via a fourfold ion exchange with a 5 mol/dm 3 NH 4 NO 3 solution at 80ºC, each exchange being followed by an intervening washing with water to neutral reaction followed by calcination for 2 h at 550-560ºC to provide a sodium content amounting to 2-5% of the exchange capacity. The catalysts obtained are numbered below as samples 1, 2 and 3, respectively. Sample 3, which had a zeolite phase content of 39 wt%, was subjected to a further stabilization procedure by heating for 2 h at 800ºC in undried air (5% steam) as well as in the pure steam flow, i.e. under thermal treatment (TT-800) and steaming conditions (SC-800), respectively, to give samples 3a and 3b.
Steaming was performed in a set-up whose main element comprised the catalyst steamer (Figure 1) , which was capable of providing a temperature as high as 1000ºC in a pure steam flow at a pressure of 0.1 MPa and which was fitted with two control thermocouples. The catalyst sample (1) was placed inside the cylinder (2) and press-fitted with a bush (3) which allowed the easy passage of the thermocouple tube (4) containing the above-mentioned thermocouples (5) (the clearance being of the order of ca. 0.04 mm). The gap between the steamer body wall (6) and the cylinder (2) amounted to 0.2 mm. The cylinder rested on the inner flange (7) of the three-way pipe (8). Steam (at 200ºC) was supplied at this point by opening valve (9) and closing valve (10). The thermocouple tube (4) was attached to the three-way pipe (8) by means of a seal (11), while final superheating of the steam was effected by the nichrome electrical heater (12) of the steamer.
The catalyst bed was accessible to the steam flow as a result of the clearance between the bush (3) and the thermocouple tube (4). The steam passed into the upper part of the steamer via the openings 13 and the clearance between the steamer body wall (6) and cylinder (2), and gained access to the catalyst bed through the openings 14 and the open upper part of the cylinder (2). Periodic visual control of the steam flow was achieved via mirror 15. All the metallic parts of the catalyst steamer were made of stainless steel.
A flash water boiler also formed part of the set-up, being interlocked with the steamer by a steam conduit and supplied with its own electrical heater to achieve the previously mentioned temperature of 200ºC. The set-up also included the necessary voltage regulators, potentiometers, respective electrical and thermocouple terminals, etc.
The TT-800 regime was realized using the same set-up, but without any steam supply. The pulse cumene cracking method used commenced with the dehydration of a catalyst sample (0.1 g) in a helium flow (0.5 l/h) with increasing (20ºC/min) reactor temperature up to 500ºC, followed by exposure of the sample to this temperature for 1 h. The temperature was then decreased to its operational value within range 320-500ºC, when pulses of liquid cumene (of 2 ml for each pulse) were injected into the helium stream. Analysis of the cracking products was achieved by means of the flame detector. The main cracking products were propane and benzene with admixtures of toluene, ethylbenzene and unconverted cumene. Generally, the number of pulses employed for testing each sample was not greater than 15. To determine the peak area of the unconverted cumene, quartz crumbs (0.1 g) were placed into the cracking microreactor in some cases instead of the zeolite samples.
The ammonia TPD spectra also involved the dehydration of a sample (0.1 g) in a helium flow (0.5 l/h) with a programmed temperature increase (8ºC/min) of the reactor from ambient values to 500ºC. After cooling to 200ºC, the sample was exposed to a known dose of ammonia up to overshoot. The surplus ammonia was then removed and the temperature programmed (8ºC/min) desorption of ammonia undertaken over the temperature range 200-500ºC. The amount of ammonia desorbed was recorded using a thermal conductivity detector (catharometer).
In addition to the microspherical samples described, two further samples were prepared, i.e. 0.7CaNaY (sample 4) and 0.55LaNaY (sample 5) based on a twofold ion exchange of a pure powdered NaY (Si/Al = 2.35) zeolite with a 1.5 mol/dm 3 solution of Ca(NO 3 ) 2 and a 1 mol/dm Figure 1 . Scheme for catalyst steamer: 1, catalyst sample; 2, cylinder; 3, bush; 4, thermocouple tube; 5, thermocouples; 6, steamer body wall; 7, flange; 8, three-way pipe; 9 & 10, valves; 11, seal; 12, electric heater; 13 & 14, openings; 15, mirror. solution of La(NO 3 ) 3 , respectively, for 1 h at 80ºC without any intervening calcinations. Both these samples as well as the parent NaY zeolite (sample 6) were involved in the same cumene cracking investigations as the fresh ones. Microspherical catalysts were always studied as such (orifice diameter, 0.05-0.1 mm), whereas the powdered samples 4-6 were first pressed at 16 MPa, the tablets obtained crushed and the 0.05-0.1 mm fraction separated by sieving. The same quartz fraction was used in all cases.
RESULTS AND DISCUSSION
Figure 2 depicts the dependence of cumene conversion on the pulse number for the fresh microspherical catalyst samples 1-3, the conversion values having been calculated as the difference between 100% and the amounts of unconverted cumene as determined from the corresponding Figure 2 . The dependence of cumene conversion on the pulse number when the reaction was conducted over the fresh microspherical catalyst samples 1-3 (curves 1-3 correspond to samples 1-3).
chromatograms. As expected, the degree of conversion increased as the content of zeolite phase in the samples increased. Such behaviour was especially distinct with increasing numbers of cumene pulses. Figure 3 displays the similar dependencies for sample 3 as freshly prepared (curve 1) and after its stabilization under TT-800 (sample 3a, curve 2) and SC-800 (sample 3b, curve 3) conditions, as well as the dependence for NaY (sample 6, curve 4). In order to obtain comparative results, the temperature at which the stabilized samples were tested was increased to 400ºC while that of sample 6 was increased to 500ºC. It will be seen that samples 3a and 3b suffered a decrease in activity during their respective stabilization procedures (particularly, sample 3b) while sample 6 exhibited a low starting activity throughout.
The decrease in area of the ammonium TPD spectra in passing from the fresh sample 3 to the stabilized samples 3a and 3b (Figure 4 ) reflects the decrease in total acidity of the catalyst surface which is the principal cause of the activity loss mentioned above.
In addition to the difference in activity of samples with different zeolite phase content, the other factor which is apparent is the difference in the rate of decrease of cumene conversion as a factor of the pulse number. The test results are of interest from the viewpoint of values of the molar ratio of propene to benzene (P/B), which must go to unity if the cracking is to accord with the reaction equation. In practice, such a result was found to be the exception rather than the rule.
It will be seen from the data recorded in Table 1 that, for the fresh microspherical H-forms of the catalysts (samples 1-3), the P/B ratio increased in the range 0.7-1 as the zeolite phase content increased from 21 wt% to 39 wt%. Similarly, the P/B ratio increased up to 1.2-1.6 for the sample stabilized under TT-800 conditions, whereas after stabilization under SC-800 conditions the ratio remained at around unity. It is of interest that the freshly synthesized sample 4 (0.7CaNaY) was also characterized by P/B values which exceed unity (1.3-2.7), but that this ratio did not exceed 0.8-0.9 for 0.55LaNaY (sample 5) as well as, unexpectedly, for the 0.7CaNaY after the latter had been aged for 12 months at room temperature (sample 4a). For sample 6 (NaY), the P/B ratio was approximately 0.6-0.9 throughout. The dependence of cumene conversion on the pulse number when the reaction was conducted over the fresh (sample 3) and stabilized (samples 3a and 3b) 0.95HNaY sample and over NaY zeolite (sample 6): curve 1, sample 3, temp., 320ºC; curve 2, sample 3a, temp., 400ºC; curve 3, sample 3b, temp., 400ºC; curve 4, sample 6, temp., 500ºC. At first glance, the results obtained appear to be totally inexplicable: indeed, values of P/B < 1 may be interpreted as arising from propene retention as a polymer by the acidic catalyst, whereas P/B values > 1 are more difficult to explain.
Let us assume that the active surfaces of the catalysts under consideration are studded with Brönsted and Lewis acid sites. Two types of hydroxy groups exist in our samples: one type formed during the decationization of the parent zeolite, while the other arises from the cleavage of water molecules by calcium cations and cations of the rare earth elements (Ward 1968) . The Lewis acid sites are present both as coordinatively unsaturated aluminium atoms and as the various cations introduced (Patrylak 1998 . The microspherical catalysts studied contained a considerable proportion of kaolin whose matrix is composed of SiO 2 and Al 2 O 3 ; indeed, Al 2 O 3 is a well-known classical Lewis acid. Since propene is a strong Lewis base, obviously the amount of this compound retained by the catalyst will increase with increasing amounts of Al 2 O 3 in its matrix.
The stabilization of sample 3 under TT-800 conditions to yield sample 3a resulted in considerable dehydroxylation of the zeolite surface (Jacobs 1977) , the strongest Brönsted acid sites being lost (Figure 4 , curves 1 and 2) without any significant increase in the number of coordinatively unsaturated aluminium atoms. Hence, the polymerization ability of sample 3a for propene should decrease accordingly (Table 1) . However, under the same conditions, the Brönsted sites of catalyst 3a are most likely capable of the continued retention of a considerable number of benzene molecules in the form of carbonium ion residues (phenyl carbonium ions) formed through cleavage of the cumene molecules via protonation.
As far as sample 4 is concerned, it is not distinguished by any significant Brönsted acidity and for this reason it should exhibit a lower efficiency towards propene polymerization. It is more than likely that its Brönsted acid sites are occupied to a considerable extent by the above-mentioned phenyl carbonium ions, as is also the case for sample 3a stabilized under TT-800 conditions. What is less understandable, however, is the weak chemisorption of propene on this sample. On the one hand, since this sample was prepared on the basis of the pure zeolite employing only a small degree of ion exchange it should not contain coordinatively unsaturated aluminium. On the other hand, however, since the sample contained a considerable content of calcium cations, which are known to act as Lewis acid sites, it should be capable of retaining considerable amounts of propene. In this connection, it is of interest that when this sample was aged under room conditions for 12 months, as mentioned above, it exhibited a P/B value less than unity (Table 1, sample 4a). Hence, it would appear that sample 4 which was not stabilized underwent some kind of temporal change resulting in the transition of the calcium cations from latent Lewis acid sites to the active variety.
Stabilization of the sample under SC-800 conditions leads to a greater destruction of the zeolite structure than occurs under TT-800 conditions. This affects the nature of the acid spectrum of the catalyst and leads to an enhancement in the number of acid sites as a consequence of the observed increase in the Si/Al ratio which occurs as a result of some zeolite dealumination by steaming (Figure 4, curves 1 and 3 ). In addition, the steam also prevented any intensive surface dehydroxylation. Thus, despite the considerable loss in total activity of sample 3b, the P/B value remained close to the value observed for the fresh sample 3.
It is possible that the chemistry of the active surface of 0.55LaNaY (sample 5) is the most complicated. This sample was synthesized on the basis of the pure zeolite in a similar manner to sample 4 and, as a result, also contained virtually no coordinatively unsaturated aluminium. However, the lanthanum cations incorporated in this sample are themselves Lewis acid sites (Patrylak 1998 . In addition, the sample contained a considerable number of Brönsted sites which arose through dissociation of the water molecules associated with the hydration shell of the lanthanum cations. For these various reasons, this sample exhibited a good efficiency towards cumene cracking combined with the efficient retention of propene, as a Lewis base, by the lanthanum cations acting as Lewis acid sites.
Finally, the results obtained for sample 6 (NaY) indicate that it also exhibited a noticeable cracking activity at 500ºC (Figure 3, curve 4) . The dependence of the distribution of cracking products obtained over this sample on the pulse number is depicted in Figure 5 . As mentioned above, the value of P/B for this sample was less than unity. This suggests that the parent zeolite, which contained a considerable sodium content, is characterized by a heightened coking efficiency, initially at the expense of propene. The most interesting feature of this sample was the presence of a consid- Figure 5 . Distribution of cumene cracking products over sample 6 (NaY) at 500ºC. erable amount of linear propylbenzene in the reaction products. This suggests that the chemisorption of cumene and benzene on Lewis acid sites was also important on this sample in addition to the chemisorption of the various components.
Thus, the pictures presented by the various chromatograms represent a balance between cumene cracking and partial chemisorption of the cleavage products. By taking into account chemisorption associated with the chemistry of the catalyst surface, it appears possible to interpret the rather complicated set of experimental results obtained. Consequently, chemisorption must be allowed for in any evaluation of test results obtained using acidic zeolite catalysts in the model reaction of cumene cracking as performed under a pulse regime.
In discussing the pulse method of cumene cracking in general, it is important to note the considerable imbalance between the amounts of cumene fed into the system and the totality of the products as distinguished in the chromatograms. Depending on the nature of the sample employed, the total amount of products obtained was 1.5-3-times less than the amount of cumene fed -the residue being retained irreversibly by the catalyst samples. Only sample 6 gave a more or less satisfactory balance at 500ºC, with the total sum of the cracking products being only 4-5% less than the amount of cumene fed. Thus, the cumene conversion values depicted in Figures 2 and 3 should be considered as being only relative. Hence, it would appear that the efficiency of the method might be increased several fold if it were possible to obtain a full substance balance after every pulse, taking into account the amount of products retained by the sample. At the same time, it is important to point out that the demerits of the analysis method, which are dependent on the chemisorption of the various components on the active surface of the catalyst, also constitute the merits of this method, i.e. the importance of chemisorption is such that both the merits and demerits provide important information on the nature of the catalyst acidity, the mechanism of the reaction, the dynamics of active surface formation during the process of sample synthesis as well as the dynamics of surface de-activation -with the latter arising because of catalyst stabilization or as a result of prolonged catalyst use as a consequence of stabilization and the working conditions employed.
CONCLUSIONS
It has been shown that the pulse method for the study of cumene cracking remains highly informative as a method of testing of acid catalysts due to its technical precision. In particular, it is possible to obtain valuable information as a result of an analysis of the propene/benzene (P/B) ratio of the cracking products. Depending on the nature of the catalyst sample employed, its mode of synthesis, the conditions of preliminary treatment and the test conditions employed, it was found that this ratio fluctuated in the interval 0.60-2.7 rather than being equal to the expected value of unity. One reason for the change of P/B over such a wide span of values is the chemistry of the catalyst surface, in particular the number, strength and correlation between the Brönsted and Lewis surface acid sites present. The acid characteristics of the catalyst determine both the degree of coke formation over the Brönsted sites at the expense of propene, the degree of chemisorption of propene, benzene and cumene on the Lewis sites, as well as the extent of chemisorption of phenyl carbocations on the Brönsted sites. The resultant chromatographic picture of the cracking products is determined completely by such chemisorption processes, the amounts of chemisorbed components being not greater than 50% of the total amount of cumene fed.
